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White matterAutism spectrum disorders (ASD) are characterized by impairments in social communication and restrictive, re-
petitive behaviors.While behavioral symptoms arewell-documented, investigations into the neurobiological un-
derpinnings of ASD have not resulted in ﬁrm biomarkers. Variability in ﬁndings across structural neuroimaging
studies has contributed to difﬁculty in reliably characterizing the brain morphology of individuals with ASD.
These inconsistenciesmay also arise from the heterogeneity of ASD, andwider age-range of participants included
inMRI studies and in previous meta-analyses. To address this, the current study used coordinate-based anatom-
ical likelihood estimation (ALE) analysis of 21 voxel-based morphometry (VBM) studies examining high-
functioning individuals with ASD, resulting in a meta-analysis of 1055 participants (506 ASD, and 549 typically
developing individuals). Results consisted of grey, white, and global differences in cortical matter between the
groups. Modeled anatomical maps consisting of concentration, thickness, and volume metrics of grey and
whitematter revealed clusters suggesting age-related decreases in grey andwhite matter in parietal and inferior
temporal regions of the brain in ASD, and age-related increases in grey matter in frontal and anterior-temporal
regions. White matter alterations included ﬁber tracts thought to play key roles in information processing and
sensory integration. Many current theories of pathobiology ASD suggest that the brains of individuals with
ASD may have less-functional long-range (anterior-to-posterior) connections. Our ﬁndings of decreased cortical
matter in parietal–temporal and occipital regions, and thickening in frontal cortices in older adults with ASDmay
entail altered cortical anatomy, and neurodevelopmental adaptations.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Autism spectrum disorders (ASD) are characterized by impairments
in social communication as well as the presence of restricted interests/
repetitive behaviors (American Psychiatric Association, 2013). While
the etiology of ASD is still unclear, many current theories suggest alter-
ations in genetic and neurobiological mechanisms as key underlying
factors of this disorder (Amaral et al., 2008; Geschwind and Levitt,
2007). Neuroimaging studies have revealed abnormalities in brain func-
tioning and brain connectivity as critical in deﬁning the phenotype of
ASD, and such differences may underlie neuroanatomical alterations
in this population. For example, voxel based morphometry (VBM), a
technique that measures regional grey and white matter volume using
probabilistic mapping (Ashburner and Friston, 2000, 2001), has been
used extensively to study the neuroanatomy of ASD in: children and ad-
olescents (Bonilha et al., 2008; Brieber et al., 2007; McAlonan et al.,y, University of Alabama, CIRC
, USA. Tel.: +1 205 934 3171;
. This is an open access article under2005; McAlonan et al., 2008; McAlonan et al., 2009), and adults
(Beacher et al., 2012; Ecker et al., 2012; Kosaka et al., 2010, 2010;
Schmitz et al., 2006; Schmitz et al., 2008; Toal et al., 2010). These studies
have regularly reported differential anatomical measures (i.e. concen-
tration, density, volume) of grey andwhitematter in brain regions asso-
ciatedwith processing cognitive and social functions in individuals with
ASD. These include the anterior cingulate cortex (ACC), posterior cingu-
late cortex (PCC), prefrontal cortex, amygdala, caudate nucleus, puta-
men, and somatosensory cortex (Hollander et al., 2005; Just et al.,
2007; Kennedy and Adolphs, 2012; Langen et al., 2007; Oblak et al.,
2011; Schumann et al., 2004; Schumann et al., 2010). Many of these an-
atomical differences also strongly correlate with ASD symptom severity
(Hollander et al., 2005; Rojas et al., 2006;Wolff et al., 2013) suggesting a
brain–behavior relationship. Some neuroanatomical studies have ap-
plied their ﬁndings to pattern classiﬁcation analyses in order to identify
potential diagnostic markers of ASD (Ecker et al., 2010, 2010; Uddin
et al., 2011).
Despite the promising directions in morphometric investigations
of ASD neuroanatomy, the ﬁndings have been relatively inconsistent
across studies. This inconsistency likely emerges from the differ-
ences in approaches to morphometry, speciﬁcally VBM, across studies.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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functioning versus low-functioning, classic ASD versus ASDwith comor-
bid conditions), and age and developmental level of the participants can
signiﬁcantly affect the ﬁndings of these studies. Methodological varia-
tions are related to the use of different software and toolboxes available
for image processing, (i.e. Brain Activation and Morphological Mapping
[BAMM], CIVET, “Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra [DARTEL, Ashburner, 2007]), each of which
may use different algorithms (Klein et al., 2009; Senjem et al., 2005).
While difference in participant selection across studies is another
source of variability in ﬁndings, perhaps the biggest contributor to this
heterogeneity is the developmental stage of participants targeted.
Many studies have reported that individuals with ASD show aberrant
growth and developmental trajectories from early childhood into adult-
hood, but relatively few studies are longitudinal, limiting the analyses to
cross-sectional designs with smaller numbers of participants and rela-
tively narrow age ranges. This is potentially confounding given the ﬁnd-
ings of strong age-related effects on cortical development in both
typically developing (TD) (Giedd et al., 1999; Gogtay et al., 2004) and
ASD (Courchesne et al., 2007; Courchesne et al., 2011; Raznahan et al.,
2010; Schumann et al., 2010) individuals. Thus, region-speciﬁc mor-
phometric ﬁndings in ASD have largely been inconsistent, making it dif-
ﬁcult to identify emerging consensus on neuroanatomical differences in
this population.
These inconsistencies have made meta-analytic approaches such as
anatomical likelihood estimation (ALE) an attractive approach to identi-
fying trends and convergence across a large number of studies. ALE is a
coordinate-basedmeta-analysis technique that uses statistically signiﬁ-
cant foci reported from different studies to create probability distribu-
tion maps for voxels of interest across experiments or foci, which are
then used to generate structural or functional maps across groups of
datasets or experiments (Eickhoff et al., 2009; Eickhoff et al., 2012;
Turkeltaub et al., 2002). This method and other similar techniques
(such as Signed Differential Mapping: SDM) have been used to conduct
meta-analyses of VBM studies of ASD, and have been useful in identify-
ing areas of consistent differences in corticalmatter (CM,which refers to
either grey orwhitematter depending on speciﬁc analyses) across stud-
ies (Cauda et al., 2011; Duerden et al., 2012; Nickl-Jockschat et al., 2012;
Radua et al., 2011; Via et al., 2011). However, many of these meta-
analyses have included studies comparing ASD participants with IQ
scores below the cutoff for intellectual delay (IQ N 70), to TD controls
with average IQ scores (Cauda et al., 2011; Duerden et al., 2012; Nickl-
Jockschat et al., 2012). Additionally, some meta-analyses also included
region of interest (ROI)-based analyses in their study pool (Via et al.,
2011), which may alter statistical outcomes due to the differential sta-
tistical models and differences in anatomical boundaries of ROIs across
studies (Glahn et al., 2008; Laird et al., 2005).
Limiting these potential sources of variability, the current study in-
cluded 21 structural neuroimaging studies using conservative inclusion
criteria for anALE analysis of VBM results reported in ASD literature. The
participants in these 21 studies largely include individuals with high
functioning autism (HFA) and Asperger3s syndrome (AS). There are 3
main points that guided our decision to group the participants from
each study in this manner. The ﬁrst is the difﬁculty in identifying mor-
phometric differences between HFA and AS participants using a meta-
analytic approach (as illustrated by Yu et al., 2011) since HFA and AS
are rarely separated in morphometry studies. The second is that as per
the DSM-V classiﬁcation, AS is no longer considered a separate diagno-
sis, with the new criteria focusing on a spectrum diagnosis using 1 of 3
functional levels (dependent on the amount of support needed for the
individual) (American Psychiatric Association, 2013). Our decision to
group what was previously AS with what was previously HFA is
meant to reﬂect this change. The third is that by combining the two
high-functioning diagnostic groups, we are hoping to limit the contribu-
tion of intellectual impairment or developmental delay on cortical mor-
phometry without sacriﬁcing power to detect any potential effect. Athorough quality control process was followed to verify the quality of
all spatial transformations for regional accuracy, matter type, and limit
within-study and within-group contributions that may arise from the
inclusion of multiple studies from the same authors (Turkeltaub et al.,
2012). Rather than conducting individual ALE maps for age ranges, ef-
fectively “blocking” participants by age groups and limiting power due
to the strict selection criteria followed, we report the studies contribut-
ing to each signiﬁcant cluster and the age range underwhich each study
falls. By doing so, we hope to identify clusters of anatomical regions that
are atypical at younger stages of development, older stages of develop-
ment, and regions that are consistently atypical in the brains of individ-
uals with HFA/AS. Thus, the focus of this study is to identify the
emerging themes from the structural neuroimaging literature in ASD
with an emphasis on the neurodevelopmental trajectory of this disor-
der. The ﬁndings of this study will provide important insights into the
characterization of themorphology of the brain in ASD, and further illu-
minate its developmental signiﬁcance.
2. Methods and materials
2.1. Publication selection (inclusion/exclusion criteria)
The selection criteria for this meta-analysis consisted of studies in-
volving HFA and AS participants with reported IQ measures greater
than 70, andmethodologies limited towhole-brain VBM. A comprehen-
sive literature search was conducted using Pubmed, Google Scholar, and
the Brainmap.org, and the VBM database within the Sleuth 2.2 software
(Fox et al., 2005; Fox and Lancaster, 2002; Laird et al., 2005) in order
to identify peer reviewed articles investigating neuroanatomical differ-
ences in ASD. Keywords used in the search parameters for the databases
included: ASD, VBM, morphometry, grey matter volume, white matter
volume, autism spectrum disorders, autism, and Asperger3s syndrome.
Additional papers were located by reviewing the references of studies
selected for the meta-analysis, in addition to studies used or reported
in previous meta-analyses (Cauda et al., 2011; Duerden et al., 2012;
Nickl-Jockschat et al., 2012; Radua et al., 2011; Via et al., 2011). Our
search criteria yielded a total of 36 peer-reviewed published articles.
Of the 36, two articles were excluded as they used non-VBMmodalities
(i.e. DTI, Freesurfer), another two were excluded due to region of
interest (ROI) analysis as opposed to whole brain analyses, and
another eleven were excluded as those studies had subjects with co-
morbid conditions in the comparison group (i.e. Intellectual disabil-
ity, ADHD, Fragile X), or in which participants had IQs b 70. The
exception to these was Brieber et al. (2007), which included compar-
isons between individuals with ADHD and autism, and participants
from Salmond et al. (2007), and Toal et al. (2010) that had IQs less
than 70. In the former, only the signiﬁcant results comparing individ-
uals with ASD to TD controls were used, in the latter, only results
from comparisons of HFA (IQ N 70) to TD controls were used. This
conservative selection process yielded a total of 21 articles contain-
ing a total of 1055 participants reporting 478 separate neuroanatom-
ical foci. The selected publications had a total of 506 ASD participants
(mean age = 19.56 ± 9.15) and 549 (mean age 19.14 ± 9.26) TD
controls. The age range was 6–59 years for the ASD group, and
6–58 years for TD controls (see Table 1 for demographic information
by study).
MNI coordinates of signiﬁcantly different grey and white matter
measureswere extracted fromeach studymeeting the selection criteria.
Studies that reported their results in Talairach coordinates were con-
verted to MNI space using the tal2icbm script in Matlab (R2012b)
(Laird et al., 2010; Lancaster et al., 2007), and articles that reported
Talairach coordinates converted from MNI space using the Brett Trans-
form were converted back to MNI using the tal2mni script (Brett et al.,
2001). Articles reporting MNI coordinates converted from Talairach co-
ordinates using the Brett Transform were converted back to Talairach
space using the mni2tal function, and then transformed to MNI space
Table 1
Studies and participant demographics.
ASD participants TD participants
Study Participants M/F Age range Mean age Mean IQ Participants M/F Age range Mean age Mean IQ
Abell et al. (1999) 15 12/3 NR 29 Verbal = 42.5/50,
matrix = 48.9/50
15 12/3 NR 25 Verbal = 45.2/50,
matrix = 52.2/50
Brieber et al. (2007) 15 15/0 10–16 14.2 106.8 15 15/0 10–16 13.3 107.7
Ecker et al. (2010) 22 22/0 18–42 27 104 22 22/0 18–42 28 111
Ecker et al. (2012) 89 89/0 18–43 26 110 89 89/0 18–43 28 113
Freitag et al. (2008) 15 13/2 NR 17.5 101.2 15 13/2 NR 18.6 112.1
Greimel et al. (2013) 47 47/0 10–50 21.4 107.5 51 51/0 8–47 18.3 112.5
Hyde et al. (2010) 15 15/0 14–33 22.7 100.4 13 13/0 14–34 19.2 106.6
Ke et al. (2008) 17 14/3 6–14 8.88 108.76 15 12/3 6–14 9.73 108.76
Ke et al. (2009) 12 12/0 6–14 8.75 100.6 10 10/0 6–14 9.4 99.83
Kosaka et al. (2010) 32 32/0 17–32 23.8 101.6 40 40/0 18–34 22.5 109.7
McAlonan et al. (2005) 17 16/1 8–14 12 101(VIQ) 17 16/1 8–14 11 114(VIQ)
McAlonan et al. (2008) 33 27/6 7–16 11.6 113.2(VIQ) 55 47/8 7–16 10.7 117.1(VIQ)
McAlonan et al. (2009) 36 30/6 6–16 11.4 112.3(VIQ) 55 47/8 6–16 10.7 117.1(VIQ)
Salmond et al. (2005) 14 13/1 8–18 12.9 102(VIQ) 13 13/0 8–18 12.1 111(VIQ)
Salmond et al. (2007) 13 13/0 8–18 12 102(VIQ) 13 13/0 8–18 12 111(VIQ)
Schmitz et al. (2006) 10 10/0 18–52 38 105 12 12/0 18–52 39 106
Schmitz et al. (2008) 10 10/0 20–50 37.8 107 10 10/0 20–50 38.2 106
Toal et al. (2010) 39 35/4 16–59 30 106 33 30/3 19–58 32 105
Uddin et al. (2011) 24 22/2 8–18 13.23 105.67 24 22/2 8–18 13.25 106
Waiter et al. (2004) 16 16/0 12–20 15.4 100.4 16 16/0 12–20 15.5 99.7
Waiter et al. (2005) 15 15/0 12–20 15.2 100.5 16 16/0 12–20 15.5 99.7
NR, not reported; VIQ, verbal IQ.
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ing kernels, and transformations applied to studies included in our anal-
ysis are described in Table 2.
2.2. ALE parameters
ALE analyses were performed using the Turkeltaub (2012) correc-
tion to the Eickhoff (2009) method, in order to minimize within-
subject effects of subject groupswithmultiple experiments and the con-
tribution ofmultiple-foci tomodeled activationmaps. Separate analyses
were performed comparing clusters of voxel-based increases in CM
(grey and white) and decreases in CM (grey and white) between indi-
viduals with ASD and TD controls. The analyses were performed at a
cluster forming threshold (CFT; reported with each p value and ALE
thresholds in the results, ALE values greater than this threshold are sta-
tistically signiﬁcant) computed using an FDR of p b 0.05 (with no as-
sumptions to correlations within the dataset) and a conservative
minimum cluster volume of 200 mm3 using GingerALE (v2.3.1)
(Eickhoff et al., 2009; Turkeltaub et al., 2012). The weighted centre of
the anatomically modelled cluster convergences was then veriﬁed
using FSLView 5.0.6 (Jenkinson et al., 2012) atlases with the MNI 152
brain template (1 mm) (Jenkinson et al., 2012; Smith et al., 2004;
Woolrich et al., 2009). Individual ALE maps were computed for areas
of increased and decreased CM in order to minimize directionality-
based overlaps caused by the proximity of ROIs. The results of these
analyses were followed up by 4 subsequent analyses on CM types
(one with studies reporting more grey matter in individuals with
ASDs, and others reporting less grey matter in individuals with ASDs,
with two similar comparisons for white matter). These were also
computed with CFTs using a minimum cluster of 200 mm3 and FDR of
p b 0.05. These were used as a comparison to the global CM ﬁndings
in order to both verify the results of the global CM analyses, as well as
to identify differences unique to grey and white matter.
2.3. Assessing the effects of age on computed results
The developmental level of participants for all the studies included
in our analyses ranged from children and adolescents (6–16 years of
age), to younger and older adults (18–58 years of age), to heteroge-
neous samples across multiple age ranges (i.e. 8–47 years of age). A
challenge for meta-analytic VBM studies in ASD is that few studiesassess age-related changes in the cortex, instead employing univariate
approaches comparing groups at different developmental windows
(i.e. 8–16, 18–40, etc.). Considering this, some previous studies have
grouped participants from different age ranges into windows of children
and adolescents, and adults (Duerden et al., 2012). There is evi-
dence however, that cortical maturation of many areas peaks at
pre-adolescence (11–13), with steady declines in late adolescence
(Giedd et al., 1999; Gogtay et al., 2004; Redcay and Courchesne,
2005). As such, a dichotomous grouping based on univariate analyses
may not present the complete picture of development in ASD. To ad-
dress this concern, the age range of signiﬁcant foci from our analysis
will be reported in order to evaluate whether certain structures are
more atypical in individuals with ASD across development or if they
are conﬁned to an isolated developmental window (i.e. less than
16 years of age or greater than 16 years of age).
3. Results
3.1. Signiﬁcant clusters of the ALE analysis
The analysis of global decreases in CM found localized decreases
in temporal and occipital brain regions in individuals with ASD, with
left lateralized decreases in parietal, frontal limbic regions, and right
lateralized decreases in limbic regions. Global increases in CM in ASD
were primarily localized to the frontal lobe; however, increases in CM
were also found in ASD in left anterior temporal and right cerebellar re-
gions. When the analyses were narrowed by CM type, grey matter de-
creases in ASD were localized to smaller clusters of parietal, cerebellar,
and hippocampal regions and all greymatter increases in ASDwere pre-
dominantly in prefrontal and temporal grey matter. White matter de-
creases were lateralized to the left hemisphere within the parietal
cortex, ACC, and thalamic white matter connections.
3.2. Signiﬁcant decreases in cortical matter
Signiﬁcant ALE clusters of less CM in ASD (FDR computed CFT;
p b 0.002, ALE threshold N 0.008) were found bilaterally within the infe-
rior temporal gyrus (ITG) (LITG volume = 416 mm3; RITG volume =
296mm3), the left occipital pole (volume=400mm3), and right lateral
occipital cortex (volume=200mm3). Additional decreases in CMwere
found in the left parietal lobe in the postcentral area (volume =
Table 2
Neuroimaging parameters and statistical thresholds.
Study Field
strength
Sequence Software Resolution Template Smoothing Correction p-Value Transform
Abell et al. (1999) 2 T NR SPM96 1 × 1 × 1.5 MNI305 12 mm (unc.) p b 0.001 tal2mni
Brieber et al. (2007) 1.5 T MPRAGE SPM2 (OVBM) NR Custom 12 mm (unc.) p b 0.001 NA
Ecker et al. (2010) 3 T NR SPM5 1.09 × 1.09 × 1.09 Talairach 8 mm (unc.) p b 0.1 tal2icbm
Ecker et al. (2012) 3 T SPGR FSL (FNIRT) NR FNIRT 3 mm Permutation
n = 500
p b 0.004 (GM)
p b 0.005(WM)
NA
Freitag et al. (2008) 1.5 T MPRAGE SPM2 (OVBM) NR Custom 12 mm (unc.) p b 0.001 NA
Greimel et al. (2013) 1.5 T/3 T MPRAGE SPM5 1 × 1 × 1 SPM5 8 mm Bayesian N 99% Conﬁdence NA
Hyde et al. (2010) 3 T MPRAGE CIVET 1 × 1 × 1 ICBM152 12 mm FDR p b 0.05 NA
Ke et al. (2008) 1.5 T NR SPM5 (OVBM) . 94x.94 Custom 8 mm (unc.) p b 0.001 tal2mni
Ke et al. (2009) 1.5 T SPGR SPM5 (OVBM) Custom Custom 8 mm (unc.) p b 0.001 tal2mni
Kosaka et al. (2010) 3 T 3DIRSPGR SPM5/DARTEL 0.75 × 1.25 × 1.6 Custom 8 mm FDR p b 0.05 NA
McAlonan et al. (2005) 1.5 T DEFSE BAMM Bullmore (1999) Brammer et al.
(1997)
4.4 mm FWE b 1 fpc under null tal2icbm
McAlonan et al. (2008) 1.5 T DEFSE Talairach (1988) . 859x.859x3 Brammer et al.
(1997)
4.4 mm FWE b 1 fpc under null tal2icbm
McAlonan et al. (2009) 1.5 T DEFSE BAMM . 859x.859x3mm Brammer et al.
(1997)
4.4 mm FWE b 1 fpc under null tal2icbm
Salmond et al. (2005) 1.5 T 3DFLASH SPM99 0.8 × 0.8 × 1 SPM99(averaged) 12 mm FDR p b 0.05 NA
Salmond et al. (2007) 1.5 T 3DFLASH SPM99 0.8 × 0.8 × 1 MNI 12 mm FDR p b 0.05 NA
Schmitz et al. (2006) 1.5 T SPGR SPM99 . 89x.89x1.5 MNI 10 mm (unc.) p b 0.001 tal2mni
Schmitz et al. (2008) 1.5 T SPGR SPM2 . 89x.89x1.5 Custom 10 mm FWE p b 0.05 tal2icbm
Toal et al. (2010) 1.5 T SPGR SPM2 0.859 × 0.859 × 1.5 Custom 8 mm FWE b 1 fpc under null tal2icbm
Uddin 1.5 T SPGR SPM5 1 × 1 × 1 MNI 10 mm FWE;
Monte-Carlo
p b .01 NA
Waiter et al. (2004) 1.5 T NR SPM2 1 × 1 × 1 SPM + T1
averages
8 mm (unc.) p b 0.001 tal2mni
Waiter et al. (2005) 1.5 T SPGR SPM2 NR SPM + T1
averages
12 mm FDR p b 0.05 tal2mni
NR, not reported; NA, not applicable; MP-RAGE, magnetization-prepared rapid acquisition gradient echo; SPGR, spoiled gradient recalled echo; 3DIRSPGR, three-dimensional inversion
recovery-prepared fast spoiled gradient recalled; DEFSE, dual-echo fast spin echo; 3DFLASH, 3D Fast Low Angle SHot; MNI, Montreal Neurological Institute; SPM, Statistical Parametric
Mapping; FSL, FMRIB Software Library; CIVET, a brain segmentation pipeline; BAMM, brain analysis morphological mapping; VBM, voxel-based morphometry; OVBM, optimized
voxel-basedmorphometry; DARTEL, Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra; FNIRT, FSL non-linear registration tool; TOM, Template-o-matic toolbox;
FDR, False discovery rate; FWE, family-wise error; fpc, false-positive cluster; unc, uncorrected statistical threshold.
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subcortical decreases in CM were identiﬁed in the ACC (volume =
376 mm3), hippocampus (volume = 256 mm3), and the posterior
limb of the internal capsule (volume = 352 mm3). Finally, a cluster of
decrease was found overlapping vermis IX and VIIIb of the left cerebel-
lum. When these foci were divided into separate analyses on grey and
white matter, grey matter decreases in ASD (FDR computed CFT;
p b 0.0013, ALE threshold N 0.0077) were localized to the right hippo-
campus (volume = 280 mm3) and cerebellar IX/VIIIb vermis (vol-
ume = 344 mm3) which overlapped with clusters in the global
analysis, but an additional cluster was found in the left parietal oper-
culum (volume=200mm3). FocusedALE onwhitematter decreases in
ASD (FDR computed CFT; p b 0.0011, ALE threshold N 0.007) found clus-
ters within the right internal capsule (volume = 376 mm3), ACC (vol-
ume = 352 mm3), and lateral occipital cortex (volume = 336 mm3).
The results of the global and focused CM decrease analyses, signiﬁcant
at an FDR correction of p b .05, are displayed in Table 3 and Fig. 1.
3.3. Signiﬁcant increases in cortical matter
The analysis examining increased CM in individuals with ASD (FDR
computed CFT; p b 0.002, ALE threshold N 0.008) revealed a number of
signiﬁcant clusters within the frontal lobe bilaterally. These included a
large cluster within the left superior frontal gyrus (LSFG) (volume =
592 mm3), the right precentral gyrus (volume = 520 mm3), and three
clusters within the frontal pole (FP) bilaterally (LFP volume = 376 mm3
and volume = 224 mm3; RFP volume = 232 mm3). A large cluster was
also found in the left temporal pole (particularly the middle temporal
gyrus, volume= 528 mm3), and right area VIIIb of the cerebellar vermis
(volume=616mm3).When these fociwere analysed separately for grey
(FDR computed CFT; p b 0.0015, ALE threshold N 0.008) andwhitematter
(FDR computed CFT; p b 0.0004, ALE threshold N 0.007), clusters within
the LSFG (volume = 656 mm3), right precentral gyrus (volume =384 mm3), left temporal pole (volume = 584 mm3), and area VIIIb of
the cerebellum (volume = 384 mm3) remained signiﬁcant, as did two
of the three clusters within the FP (right: volume = 248 mm3; left: vol-
ume = 232 mm3) for grey matter foci. The focused analysis on grey
matter increase also yielded two more signiﬁcant clusters that were
not found in the global CM map. One cluster in the ITG (volume =
240 mm3), and another cluster overlapping the lateral occipital cortex
and fusiform (volume = 216 mm3). The results of the global CM in-
creases and grey matter speciﬁc increases are displayed in Table 4 and
Fig. 2. Separate analysis of increased white matter initially suggested
that there was an increase in white matter volumewithin the left puta-
men, however, the foci contributing to this maximumwere found to be
from a single study (McAlonan et al., 2009). When either the HFA or
AS group from this study was removed, or the foci from both were
grouped, no areas of increased white matter were found.3.4. Age-related contributions to reported maxima
An important aspect of characterizing the neurobiology of a
pervasive developmental disorder like ASD is to understand its
neurodevelopmental trajectory. Due to the variability in participant se-
lection criteria across different studies, isolating speciﬁc developmental
windows is challenging. Nevertheless, our analysis revealed some inter-
esting results. In the global analysis (analysis of all matter), decreases in
the ACC and cerebellar vermis IX/VIIIb emerged from studies on chil-
dren and adolescents with ASD (6–16 years of age). These results
were also seen in the decreased grey matter (along with a decrease in
the parietal operculum) and white matter analyses. However, we
found increases in volume in the superior frontal and precentral areas
in the global increase analysis speciﬁc to studies of older individuals
with ASD (18–52 years of age), which also persisted within the grey
matter analysis.
Table 3
ALE maps for matter decreases in ASD participants.
Region Hem x Y z Volume ALE value
TD N ASD
Inferior temporal L −46 −60 −8 416 0.014264904**
Occipital pole L −32 −94 −10 400 0.01464336**
Anterior cingulate R 2 34 10 376 0.011359522**
Internal capsule L 14 −6 0 352 0.01167158**
Cerebellum IX/VIIIb vermis L −2 −60 −40 320 0.01216303**
Inferior temporal R 52 −60 −16 296 0.011550702**
Hippocampus R 32 −10 −20 256 0.010775952**
Postcentral gyrus L −32 −38 60 256 0.011418079**
Angular gyrus L −44 −56 26 240 0.010977356**
Lateral occipital cortex R 46 −64 28 200 0.010175092**
TD N ASD grey matter
Cerebellum IX vermis L −2 −60 −40 344 0.012163029*
Hippocampus R 32 −10 −20 280 0.010775952*
Parietal operculum L −54 −30 22 208 0.009828495*
TD N ASD white matter
Internal capsule R 14 −6 0 376 0.0110779265*
Anterior cingulate R 4 34 10 352 0.010652142*
Lateral occipital cortex R 46 −64 28 336 0.010174975*
Hem: hemisphere; L: left; R: right.
* Signiﬁcant at p b .001.
** Signiﬁcant at p b .002.
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egories based on the age range of foci forming the MA map: child to
young adult (6–20 years), adolescent to adult (12–59 years), and
throughout development (6–59 years). Clusters for studies of child to
young adult participants included thinning of the postcentral gyrus in
the global CM decrease and grey-matter speciﬁc increases in RITG and
area VIIIb of the cerebellar vermis. A large majority of the signiﬁcant
foci stemmed from the adolescent to adult age group. This included
global decrease of the occipital pole, angular, temporal pole, frontal
pole, and lateral occipital gyri, grey matter decrease in the temporal
and frontal poles, and white matter decrease in the internal capsule
and superior parietal clusters. Clusters that formed from foci with
large age ranges (6–59 years) included the internal capsule and hippo-
campus in the global CM decrease analysis, with the hippocampus
persisting into the grey matter decrease analysis, area VIIIb of the cere-
bellum vermis in the global increase analysis, and the fusiform gyrus in
the greymatter increase analysis. A comprehensive list of which studies
contributed to each focus and colour-labelled maps of each group
outlined above are displayed in Table S1 and Figs. S1 and S2 of the sup-
plementary material.
4. Discussion
The results of this coordinate-based meta-analysis suggest alter-
ations in grey andwhitematter volume (increase and decrease) in indi-
viduals with ASD, relative to TD control participants. Clusters reﬂecting
increases in grey matter were found in frontal, temporal, and cerebellar
areas, and clusters indicating decreases in grey matter were found in
parietal–temporal, right hippocampal/amygdala, and cerebellar regions.
This is consistent with previous structural MRI ﬁndings of increased CM
(Carper and Courchesne, 2000; Carper et al., 2002; Duerden et al., 2012;
Hazlett et al., 2005; Hazlett et al., 2006; Schumann et al., 2010; Via et al.,
2011) and decreasedCM(see Chen et al., 2011 for review) in individuals
with ASD. Some of these ﬁndings are also consistent with previous
meta-analyses of brain volumetric differences in the ASD population
which survived leave-one-out tests of validity (Cauda et al., 2011;
Duerden et al., 2012; Nickl-Jockschat et al., 2012; Via et al., 2011).
White matter decrease in ASD was seen primarily within the ACC and
internal capsule of the basal ganglia, and lateral–occipital cortex. This
may reﬂect underlying microstructural organization, as alterations in
fractional anisotropy (FA) in these areas have been reported in diffusiontensor imaging (DTI) studies of ASD (Alexander et al., 2007; Brito et al.,
2009; Ingalhalikar et al., 2011; Keary et al., 2009; Keller et al., 2007;
Shukla et al., 2010; Shukla et al., 2011; Travers et al., 2012).
4.1. Increased prefrontal cortex volume in autism
One of the key areas of volumetric alterations found in this study is
the prefrontal cortex which, in general, has been considered as the epi-
center of neurobiological abnormalities in ASD. Signiﬁcant clusters of
grey matter increase were located within the left superior, middle,
and inferior frontal gyri, and right medial prefrontal cortex (SFG, MFG,
IFG, and MPFC respectively). MRI and lesion studies have sug-
gested that these structures contribute to a number of cognitive
processes, including inhibition (MPFC, IFG; Talati and Hirsch, 2005;
Aron et al., 2014), working memory (MFG, SFG; Leung et al., 2002; du
Boisgueheneuc et al., 2006), motor sequencing and imitation (IFG,
SFG; Toni et al., 1999; Rushworth et al., 2004), and language (IFG;
Hischorn and Thompson-Schill, 2006), all of which have been reported
to be atypical in ASD (Bennetto et al., 1996; Dziuk et al., 2007; Kana
et al., 2007; Kleinhans et al., 2005; Minshew and Goldstein, 2001;
Ozonoff et al., 1991; Sinzig et al., 2008). Clusters of increased frontal
grey matter are especially interesting considering recent post-mortem
ﬁndings of signiﬁcantly increased number of neurons in the frontal
cortex, especially in MPFC and dorsolateral prefrontal cortex in ASD
(Courchesne et al., 2011). Increased levels of microglia and astroglia in
active states in the frontal cortex have also been reported in ASD
(Vargas et al., 2005). Cell-structure studies in the frontal and temporal
lobes of individuals with ASD have found that cortical minicolumns
(basic functional unit of the cerebral cortex) are both smaller and more
numerous (Casanova et al., 2002). Numerous neurons packed in smaller
columns can lead to altered patterns of connectivity favoring local
overconnectivity and long-distance underconnectivity (Cherkassky
et al., 2006; Courchesne and Pierce, 2005; Kana et al., 2009). Thus, it is
possible that the complex neurobiology of ASD may entail such wide-
spread (anatomical, functional, microstructural, and cellular) abnormal-
ities. The increase in prefrontal cortex grey matter in ASD found in our
meta-analysis could reﬂect a noticeable structural alteration in indi-
viduals with ASD, which could contribute to or be the result of
cytoarchitectural differences in the brain.
4.2. Frontal-posterior differences
Theﬁndings of the present study also suggest distinctmorphometric
differences between frontal and posterior brain regions in ASD, with
increases in grey matter primarily localized to frontal regions, and de-
creases in grey andwhitematter localized to parietal–occipital–temporal,
limbic, and cingulate areas. Such differences have been reported by previ-
ous structural neuroimaging studies (Hazlett et al., 2006). A similar
pattern was also seen in terms of altered asymmetry of the IFG and pos-
terior superior temporal cortex in autism (Herbert et al., 2005). Addition-
ally, functional neuroimaging studies of visual and visuospatial processing
have reported increased parietal and occipital activation and intact or en-
hanced connectivity among relatively posterior areas of the brain (Kana
et al., 2013). A recent review of the relationship between development
and functional connectivity suggested that childrenwithASDmaydisplay
increased connectivity, and adolescents and adults display decreased to
normal functional and structural connections between frontal–parietal
and default mode regions of the brain (Uddin et al., 2013). It should be
noted that the increases in temporal and frontal regions, and decreases
in parietal regions found in our study are speciﬁc to adolescents and
adults with ASD, and may support a developmentally shifted pattern of
cortical development reﬂecting less communication between frontal
and parietal–temporal regions. Alternatively this could arise fromposteri-
or autonomy, which entails a more parietal and occipital reliant method
of information processing. However, it is difﬁcult to ﬁnd direct support
for either account, as VBM studies rely on the assumption that MR signal
Fig. 1. Signiﬁcant clusters of decreased CM in individuals with ASD. A) Clusters of global decreases in CM (blue), B) clusters of decreased greymatter in ASD (teal), C) clusters of decreased
white matter in ASD (green), D) overlap between comparisons (magenta; global/GM overlap, yellow; global/WM overlap).
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seem to be the case in normal or clinical populations (Buchel et al., 2004;
Filippi et al., 2001). Despite this limitation, some support for the frontal-
posterior differences has come from DTI literature, which report reduced
FA and increasedmean and radial diffusivity values within temporal, and
frontal regions in ASD (Barnea-Goraly et al., 2004; Shukla et al., 2011;
Travers et al., 2012). One of the most consistently reported region of
white matter alteration (including our meta-analysis) is in the ACC,
which serves as an integration hub for many different types of executive
and social processes, and has been associated with cytoarchitectural
abnormalities in children with ASD (Simms et al., 2009). What these
structural differences contribute to the ASD phenotype and how they de-
velop is an important topic of debate and should be addressed by future
studies.
4.3. Cerebellar volumetric differences
Consistentwith somepreviousmeta-analyses of VBM in ASD (Cauda
et al., 2011; Duerden et al., 2012), we found statistically signiﬁcant
clusters of grey matter alterations (less GM in area VIIIb/IX on the left,more GM on area VIIIb on the right) within the vermi of the cerebellum.
Greymatter abnormalitieswithin the cerebellum arewidely reported in
ASD literature (Carper and Courchesne, 2000; Courchesne et al., 1994;
Courchesne et al., 2001; Courchesne et al., 2007; Courchesne, 1997;
Courchesne et al., 1988; Fatemi et al., 2002; Fatemi et al., 2001;
Hashimoto et al., 1995; Levitt et al., 1999; Piven et al., 1992; Vargas
et al., 2005). A consistently reported neuroanatomical abnormality in
cerebellum in ASD is a signiﬁcant reduction in the number of Purkinje
cells (see BaumannandKemper, 2005 for review),which can have a sig-
niﬁcant impact on connectivity (Kern, 2003). The cerebellum has recip-
rocal connections with the basal ganglia and premotor cortex (Doyon
et al., 2003; Middleton and Strick, 2000; Terry and Rosenberg, 1995),
the latter of which was found to be enlarged in the right hemisphere
in individuals with ASD in the present study. Reduced connectivity be-
tween cerebellum andmotor cortex was reported in fMRI studies of se-
quential ﬁnger-tapping (Mostofsky et al., 2009). This is interesting not
only due to the relationship between the cerebellum andmotor cortex,
but also because our results suggest increases in grey-matter along the
precentral gyrus. This could reﬂect possible communication deﬁcits be-
tween these two regions. Additionally, studies on children with cranial
Table 4
ALE maps for matter increased in ASD participants.
Region Hem x Y z Volume ALE value
ASD N TD
Cerebellum area VIIIb R 14 −62 −42 616 0.013753387**
Superior frontal L −18 32 44 592 0.013148831**
Superior frontal L −22 22 48 0.010468714**
Temporal Pole L −42 6 −28 528 0.013823562**
Temporal Pole L −42 −2 −28 0.010931179**
Precentral R 48 0 40 520 0.013296759**
Frontal Pole L −32 50 −6 376 0.013463693**
Frontal Pole R 4 64 −12 232 0.01040588**
Frontal Pole L −32 42 12 224 0.01076785**
ASD N TD grey matter
Superior frontal L −18 32 44 656 0.013148831*
Superior frontal L −22 22 48 0.010468714*
Temporal Pole L −42 6 −28 584 0.013823563*
Temporal Pole L −42 −2 −28 0.010931179*
Cerebellum area VIIIb R 14 −62 −42 384 0.013332463*
Precentral R 48 0 40 384 0.0125858905*
Frontal Pole R 4 64 −12 248 0.01040588*
Inferior temporal R 42 −60 −8 240 0.009480287*
Frontal Pole L −32 42 12 232 0.010767846*
Lateral occipital/fusiform L −46 −64 −6 216 0.010389547*
Hem: hemisphere; L: left; R: right.
* Signiﬁcant at p b .001.
** Signiﬁcant at p b .002.
Fig. 2. Signiﬁcant clusters of increased CM in individuals with ASD. A) Clusters of global increase
comparisons (magenta; global/GM overlap).
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removed), frequently report communication and social deﬁcits such as
mutism, which overlap with some communication and social deﬁcits
present in autism (Poggi et al., 2005; Pollack et al., 1995).
4.4. Implications for social cognition
Our ﬁndings of increased grey matter in the angular gyrus, frontal
and temporal pole, andmiddle temporal gyrus have strong implications
for social cognition, especially Theory-of-Mind (ToM) in individuals
with ASD as these three regions are routinely activated during ToM
tasks (Castelli et al., 2000; Frith and Frith, 2003; Gallagher et al., 2000;
Gallagher and Frith, 2003; Ohnishi et al., 2004). In addition, the FP
shares functional and white matter connections with the angular
gyrus, temporal pole, and ACC (Barnea-Goraly et al., 2004; Kelly et al.,
2009; Koski and Paus, 2000; Liu et al., 2013). Atypical connections be-
tween these regions have been found in ASD during mentalizing tasks
(Castelli et al., 2002; Frith, 2001; Kana et al., 2009; Zilbovicius et al.,
2006).
Fusiform activation has consistently been reported as decreased in
ASD when viewing faces (and some have argued increased compensa-
tory ITG activation) (Schultz et al., 2000). A recent study by Nickl-
Jockschat et al. (2014) used a combination ofmeta-analytic connectivity
modeling (MACM) of co-activating ROIs, and resting state-connectivity
analysis using the fusiform (which was an area of signiﬁcant greys inmatter (red), B) clusters of increased greymatter in ASD (yellow), C) overlap between
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in connectivity with the IFG, temporal–occipital cortex, middle tempo-
ral gyrus, SMA, SPL, thalamus, and left medial temporal lobe in both
face processing and resting state data, in addition to decreased connec-
tions with the cerebellum in ASD. Bilateral alterations in ITG (including
the fusiform gyrus), left middle temporal gyrus and angular gyrus vol-
ume are also important considering the role of these regions in face, ob-
ject, and word processing (Koyama et al., 2011; Pierce et al., 2001;
Samson et al., 2012). Meta-analyses of activation for faces, objects, and
words have suggested that middle and superior frontal, middle and
superior temporal, and fusiform regions show altered, predominant-
ly left lateralized activation in ASD (Samson et al., 2012), which over-
laps with some of the anatomical regions in the results of our meta-
analysis. The connectivity results from this meta-analysis overlap
relatively well with our study, as well as previous meta-analyses of
VBM, in addition to surface based morphometric approaches (Libero
et al., 2014) in ASD. These ﬁndings highlight disruptions in discrete,
task-dependent networks that may contribute to the ASD phenotype
(Caspers et al., 2014; Mishkin and Ungerleider, 1982; Nickl-Jockschat
et al., 2014; Ungerleider and Haxby, 1994).
4.5. Sensory and motor circuitry
Consistent with other meta-analyses and DTI, we report a decrease
inwhitematter integrity in ASD in the posterior limbof the internal cap-
sule of the right hemisphere (Duerden et al., 2012; Radua et al., 2011).
This particular region consists of many cortical and spinal white matter
tracts, including the thalamic radiation, superior longitudinal fasciculus
(SLF), inferior longitudinal fasciculus (ILF), inferior frontal–occipital fas-
ciculus (IFOF), and spinal-thalamic tracts (Lebel et al., 2008; Mori et al.,
2008). Due to the widespread targets of these tracts, many have argued
that whitematter compromises in this areamay contribute to problems
with sensory andmotor integration within individuals with ASD, and it
is posited as a culprit for decreased longitudinal connectivity within the
brains of ASD individuals (Keller et al., 2007; Shukla et al., 2010; Shukla
et al., 2011).
5. Strengths and limitations
Any meta-analytic approach in neuroimaging may be inherently
constrained by variables, such as differences in scanner strength, meth-
od of data analyses, data quality control measures used, coregistration
techniques used, and differences in statistical threshold atwhich results
are reported by individual studies. The studies used in this meta-
analysis represent almost 15 years of VBM data on ASD, with signiﬁcant
advances in techniques over the years. As such, a coordinate-based ap-
proach was preferred due to the availability of reported results and
established methods of anatomical likelihood (Salimi-Khorshidi et al.,
2009). Studies by Salimi-Khorshidi et al. (2009) reported that ALE re-
sults were closest in concordance with image-based meta-analysis
when compared to other coordinate based approaches. While scanner
resolution, inter-program registration techniques, and threshold criteria
are difﬁcult to control for in a coordinate-basedmeta-analytic approach,
strict precautions were taken in our study to control for experimenter
bias and coordinate transformation errors. For the former, we used the
Turkeltaub et al. (2012) correction, which reduces potential inﬂations
from multiple foci in close proximity within a single experiment by
calculating modelled activation (MA) maps across groups of subjects,
rather than by experiment and uses the union/overlap of these maps
to report signiﬁcant results. This is done by using single foci from each
experiment or subject group with the shortest Euclidian distance from
the voxel of interest as the maximum probability of activation for that
voxel (Turkeltaub et al., 2012). As an additional precaution against arte-
facts, the coordinate space from each study was evaluated and individ-
ual transformation into MNI space was applied instead of automated
transformations into MNI space.There are some universal caveats to anatomy-based imaging of indi-
viduals on the ASD spectrum. Avino and Hutsler (2010) suggested that
individuals with ASD display less deﬁned grey/whitematter boundaries
than TD individuals. As such, intensity-based imaging techniques such as
VBMcould artiﬁcially inﬂate or deﬂatemeasures of corticalmorphometry
in this population. Surface-based studies registering to sulcal landmarks
have found abnormalities in frontal and temporal cortices (Levitt et al.,
2003), along the angular/supramarginal gyrus (Hardan et al., 2004; Libero
et al., 2014). Since VBM does not register based on sulcal and gyral land-
marks, morphometric alterations in these regions could be a result of
these shifts that have not been detected by the technique (Bookstein,
2001; Davatzikos, 2004).
Theories relating meta-analytic assessments of morphometric
changes in ASD relative to activation, neurodevelopment, or connectiv-
ity has some conjectural limitations. Regarding neurodevelopment,
many of the VBM studies included in this study, with the exception of
one (Greimel et al., 2013), analysed age-dependent changes in VBM re-
sults in favour of univariate approaches controlling for age and IQ.While
this is an adequate approach for establishing main effects of group at
discrete developmental windows, it does not address the fact that corti-
cal measures differ as a function of age and development, which many
studies of the ASD brain have been shown to be longitudinally different
from TD individuals especially at younger ages (Courchesne et al., 2007;
Redcay and Courchesne, 2005; Schumann et al., 2010). As such, re-
searchers are limited to discrete developmental windows, which may
not fully explain the course of ASD. Regarding connectivity, as stated
previously in the discussion, a limitation of using VBM to infer white
matter integrity is that MR signal does not necessarily correlate with
white matter ﬁber integrity, making it a less optimal approach than dif-
fusion tensor or weighted ﬁber tractography. Meta-analytic approaches
to co-activation of brain regions such asMACM can provide some infor-
mation with regard to inter-cortical communication across large data-
base samples (Eickhoff et al., 2011). Such approaches to white-matter
tractography would beneﬁt ASD research by potentially validating acti-
vation or morphometric differences associated with brain connections.6. Conclusions
To our knowledge, this ALEmeta-analysis is the ﬁrst to conduct a fo-
cused analysis within a high functioning subgroup of individuals with
ASD. Many of the cluster results suggesting atypical cortical volumes
are speciﬁc to regions associated with social cognition, which is fre-
quently found to be atypical in individuals with ASD. Additionally,
these differences seem to favor CM increases within the frontal cortex
of older individuals with ASD, and white matter abnormalities in ﬁber
integrity (such as the cingulate and internal capsule) relatively early
in development. These results point to the difference in structural integ-
rity of frontal and posterior brain areas in individuals with ASD which
may have an impact on the functions and connections of these regions.
Additionally, improvements in meta-analytic approaches for ﬁber-
tractography would greatly aid in substantiating the argument that
disrupted connectivity contributes to or is inﬂuenced by morphometric
alterations in ASD. Furthermore, the localization of frontal grey matter
increases in older adults illustrates a need for studying brain develop-
ment inASD as a longitudinal process, rather than across developmental
windows.
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